A poliovirus type 2 Lansing mutant was constructed by inserting 6 base pairs into the 2APr0 region of an infectious cDNA clone, resulting in the addition of a leucine and threonine into the polypeptide sequence. The resulting small-plaque mutant, 2A-2, had a reduced viral yield in HeLa cells and synthesized viral proteins inefficiently. Infection with the mutant did not lead to specific inhibition of host cell protein synthesis early in infection, and this defect was attributed to a failure to induce cleavage of the cap-binding complex protein p220. At late times after infection with the mutant virus, both cellular and viral protein syntheses were severely inhibited. To explain this global inhibition of protein synthesis, the phosphorylation state of the alpha subunit of eucaryotic initiation factor 2 (eIF-2a) was examined. eIF-2a was phosphorylated in both R2-2A-2-and wild-type-virus-infected cells, indicating that poliovirus does not encode a function that blocks phosphorylation of eIF-2a. The kinetics and extent of eIF-2a phosphorylation correlated with the production of double-stranded RNA in infected cells, suggesting that eIF-2ax is phosphorylated by Pl/eIF-2a kinase. When HeLa cells were infected with R2-2A-2 in the presence of 2-aminopurine, a protein kinase inhibitor, much higher virus titers were produced, cleavage of p220 occurred, and host cell protein synthesis was specifically inhibited. Since phosphorylation of eIF-2a was not inhibited by 2-aminopurine, we propose that 2-aminopurine rescues the ability of R2-2A-2 to induce cleavage of p220 by inhibition of a second as yet unidentified kinase.
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Infection of cells with poliovirus results in the selective inhibition of host cell protein synthesis (for recent reviews, see references 9 and 35). Translation of host cell mRNA is specifically blocked at the initiation step of polypeptide synthesis (17, 21) . A protein synthesis initiation factor, the cap-binding protein (CBP) complex, is both structurally and functionally altered in poliovirus-infected cells (4, 10, 11, 19, 36) . The 220-kilodalton subunit of the CBP complex, p220, is absent from poliovirus-infected cells and is replaced by two or three antigenically related polypeptides of 100 to 130 kilodaltons, which are presumably p220 degradation products. Inactivation of the CBP complex has been proposed as the mechanism of specific inhibition of host cell translation. Poliovirus RNA is not capped (13, 25) , and its translation occurs by a cap-independent mechanism in cells lacking functional CBP.
Several experimental results support the idea that the poliovirus protease 2APrO is involved in cleavage of p220. 2APrO expressed in reticulocyte lysate in the absence of other viral polypeptides can induce cleavage of HeLa cell p220 in vitro (18) . A poliovirus mutant, B1-2A-1, that fails to inhibit host translation early after infection and does not induce p220 cleavage was recently isolated (1) . This mutant contains a 1-amino-acid insertion in 2APro, providing genetic evidence that 2APro is involved in p220 cleavage. However, 2APrO can be physically separated from p220 cleavage activity in infected cells, and in vitro cleavage of p220 cannot be inhibited by antiserum against 2APro which inhibits 2APro_ mediated cleavage of the poliovirus polyprotein (22) . Cleavage of p220 is therefore believed to be mediated indirectly by 2pro 
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To further understand the role of 2APro in poliovirus replication, we have isolated a viral mutant containing a * Corresponding author.
2-amino-acid insertion in this polypeptide in a location different from that of the insertion in B1-2A-1. Mutant R2-2A-2, hereafter abbreviated as 2A-2, forms small plaques on HeLa cells, does not inhibit host cell translation early in infection, and does not induce cleavage of p220. Like mutant B1-2A-1, 2A-2 induces a global inhibition of protein synthesis at late times after infection, such that translation of both viral and cellular mRNAs is inhibited. It was proposed that the global inhibition of protein synthesis is due to the phosphorylation of the alpha subunit of eucaryotic initiation factor 2 (eIF-2a) (1 HeLa cells at a multiplicity of infection of 20. After absorption at room temperature for 45 min, medium was added and monolayers were incubated at 37°C. At different times postinfection, monolayers were frozen and thawed three times. The medium was clarified by centrifugation, and virus titer was determined by plaque assay as described previously (24) . For analysis of viral replication in the presence of 2-aminopurine (Sigma Chemical Co.), medium containing 10 mM 2-aminopurine was added to monolayers 1 h before infection and was replaced after absorption.
Analysis of protein synthesis. Synthesis of protein in virusinfected cells was examined by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis of [35S]methionine-labeled cytoplasmic extracts. At various times postinfection, the medium was removed and replaced with Dulbecco minimal essential medium with D-glucOse, without D-glutamine, without methionine (GIBCO Laboratories), and supplemented with 25 ,uCi of [35S]methionine per ml (ICN Pharmaceuticals Inc.). After 15 min of incubation, the medium was removed and cytoplasmic extracts were prepared by lysing cells in ice-cold Nonidet P-40 lysis buffer (20 mM HEPES [N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid; pH 7.5], 120 mM KCl, 1 mM DTE, 1 mM magnesium acetate, 10% glycerol, 1 mM phenylmethylsulfonyl fluoride, 0.5% Nonidet P-40) followed by removal of nuclei by centrifugation. A portion of the cytoplasmic extract was separated on a 12.5% SDS-polyacrylamide gel. After electrophoresis, gels were treated with Autofluor (National Diagnostics), dried, and exposed to X-ray film at -700C.
Analysis of viral RNA synthesis. Viral RNA synthesis was examined by incorporating [5,6-3H] uridine into RNA in the presence of actinomycin D. Duplicate cell culture dishes were infected as described above, and at 15 min postinfection, actinomycin D was added to the medium to a final concentration of 5 ,ug/ml. At 2 h postinfection, [5,6- 3H]uridine was added to the medium to 20 ,uCi/ml. At hourly intervals, cytoplasmic extracts were prepared as described above. A portion of these extracts was precipitated with 5% ice-cold trichloroacetic acid, and the resulting precipitates were collected on glass fiber filters. Filters were washed with 5% trichloroacetic acid, dried, and counted by liquid scintillation.
For examination of double-stranded RNA (dsRNA), cytoplasmic extracts were prepared from [5,6-3H] uridine-labeled cells as described above. One-tenth volume of 10% SDS was added to the extracts, which were then extracted twice with phenol-chloroform (1:1) and ethanol precipitated. Pellets were suspended in 100 mM Tris hydrochloride (pH 7.5)-150 mM NaCl-0.5% SDS and fractionated on a 1% agarose gel in 40 mM Tris acetate (pH 7.8)-2 mM EDTA. The gel was treated with Autofluor, dried, and exposed to X-ray film. Antisera and Western blot (immunoblot) analysis. Separation of infected-cell proteins on isoelectric focusing gels and Western analysis of HeLa cell eIF-2a was modified from the procedure of Scorsone et al. (33) . Infection of HeLa cell monolayers was performed as described above. At different times postinfection, the medium was removed and cells were lysed in 3% Ampholine (pH 5 to 7:pH 3.5 to 10, 4:1; LKB Instruments, Inc.)-2% 2-mercaptoethanol-1% Nonidet P-40-9.2 M urea at 37°C. Samples were placed on ice and then heated at 37°C to redissolve the urea and loaded on an isoelectric focusing gel.
Isoelectric focusing gels contained 5.7% acrylamide, 0.3% bisacrylamide, 3% Ampholine (pH 5 to 7:pH 3.5 to 10, 4:1), and 9.2 M urea. Cathode buffer was 20 mM NaOH, and anode buffer was 30 mM H3PO4. The gel was prefocused for 15 min at 200 V, 30 min at 300 V, and 30 min at 400 V. After samples were loaded, the gel was run at 400 V for 5 h and then at 1,000 V for 1 h.
The transfer of proteins to nitrocellulose was performed in 25 mM Tris-192 mM glycine (pH 8.3)-20% methanol-0.1% SDS. Isoelectric focusing gels were equilibrated for 10 min in transfer buffer and transferred for 2 h at 1 amp. Immuno- blotting was performed as previously described (33) , except that proteins were not fixed to nitrocellulose with glutaraldehyde and the second antibody was 1251I-labeled goat antimouse antiserum (Amersham Corp.).
Cytoplasmic extracts made by Nonidet P-40 lysis were separated on 12.5% polyacrylamide gels and transferred to nitrocellulose as described above. Western blotting was performed as described previously (1 (Fig. 2) .
To confirm that the small-plaque phenotype was due to the presence of the HpaI linker, the nucleotide sequence of an XhoI-BglII DNA fragment from pHST26 (nucleotides 3299 through 3792) was determined by the chemical degradation method (23) could be seen above the background of host protein synthesis in 2A-2-infected cells, but no other viral polypeptides were apparent. However, other viral proteins, including 2APro and 3DPo1, were detected in mutant-infected cells by Western blot analysis, although these proteins were present at levels lower than those found in wild-type infected cells (data not shown). p220 cleavage. Specific shutoff of host cell protein synthesis correlates with cleavage of p220, one of the subunits of the CBP complex (11) . To determine whether p220 was cleaved in mutant-infected cells, Western blot analysis of infected-cell extracts was used. In wild-type-virus-infected cells, p220 was largely cleaved by 2 h postinfection and completely cleaved by 3 h postinfection (Fig. 4) . In contrast, 2A-2 did not induce cleavage of p220. At eIF-2a phosphorylation. Overall rates of protein synthesis in mammalian cells are reduced during a variety of physiological stresses. Phosphorylation of eIF-2a inhibits initiation of protein synthesis (for reviews, see references 14 and 31) and occurs in a number of systems in which translation is inhibited, such as amino acid starvation (33), heat shock (8, 33) , heme deficiency in reticulocyte lysates (12) , and infection of cells by the adenovirus mutant d1331 (29, 32, 34) . To determine whether phosphorylation of eIF-2a is the mechanism of inhibition of protein synthesis in cells infected with the poliovirus mutant 2A-2, total cell proteins were resolved at various times postinfection on an isoelectric focusing gel and immunoblotted with monoclonal antibody against eIF2a. Isoelectric focusing can resolve the phosphorylated and nonphosphorylated forms of eIF-2a, with the phosphorylated form emerging as the more acidic species (33, 39) . eIF-2a was largely unphosphorylated in uninfected cells but progressively phosphorylated during the course of infection with 2A-2 (Fig. 5) . However, wild-type poliovirus also induced phosphorylation of eIF-2a. This result was surprising, since others have reported that eIF-2a is not phosphorylated in poliovirus-infected cells (28) . Pulse-labeling of infected-cell proteins showed that virus-specific translation peaks at 5 h postinfection and declines thereafter (Fig. 3) . This decline of viral translation was probably due to the extensive phosphorylation of eIF-2a.
RNA synthesis. A kinase that phosphorylates eIF-2a, P1/eIF-2a kinase, is an antiviral protein which is latent in the uninfected cell and is activated by dsRNA (for a review, see reference 14). The adenovirus mutant d1331 activates P1/ eIF-2a kinase at late times in infection (29, 32, 34) . It has been reported that P1/eIF-2a kinase is activated in poliovirus-infected cells (28) . Since we found that 2A-2 and wildtype poliovirus cause phosphorylation of eIF-2a, we compared the amounts of viral RNA produced during infection. If P1/eIF-2a kinase is the enzyme responsible for eIF-2a phosphorylation in poliovirus-infected cells, then the amount of dsRNA found in infected cells at the time of eIF-2a phosphorylation should be similar for wild-type and mutant 2A-2.
Total viral RNA was examined by trichloroacetic acid precipitation of cytoplasmic RNA labeled with [5,6-3H] uridine in the presence of actinomycin D. The level of viral RNA in 2A-2-infected cells was about 50% of that in wildtype-virus-infected cells (Fig. 6A) . The approximately twofold-higher viral RNA level contrasts with the far smaller amounts of viral proteins found in mutant-infected cells. Others have demonstrated that very little viral protein is necessary for synthesis of large amounts of viral RNA in infected cells (27, 37) .
Levels of viral dsRNA were examined by separation of [5,6-3H] uridine-labeled cytoplasmic RNA on a nondenaturing agarose gel followed by autoradiography (1). The dsRNA resolved as a tight band (Fig. 6B) , while single-stranded RNA migrated faster, as determined by coelectrophoresis of a viral RNA marker (data not shown). dsRNA was detected in 2A-2-infected cells, although there was a 1-to 2-h delay compared with detection in wild-type-virus-infected cells.
The slower accumulation of dsRNA in 2A-2-infected cells correlates with delayed eIF-2ax phosphorylation, as eIF-2a phosphorylation lagged 1 to 2 h behind that seen in wildtype-virus-infected cells (Fig. 5 ). These observations suggest that dsRNA may be responsible for activation of P1/eIF-2at kinase in wild-type-and mutant-virus-infected cells.
Rescue of 2A-2 by 2-aminopurine. 2-Aminopurine has been used to inhibit P1/eIF-2oa kinase in in vitro translation assays (6, 12, 20) and protein kinases in vivo (40). It was therefore of interest to determine whether viral yields of 2A-2 could be enhanced by treating cells with 2-aminopurine. In preliminary experiments, we found that HeLa cells remained viable when incubated in medium containing 10 mM 2-aminopurine for 36 to 48 h, a period longer than that required for one round of poliovirus replication. Therefore, a one-step growth analysis was performed in the presence and absence of 10 mM 2-aminopurine. The drug enhanced virus production in cells infected with 2A-2, whereas wild-type virus production was not altered by the presence of this compound (Fig. 2) .
Since 2A-2 was defective in inducing p220 cleavage and since it had been previously reported that 2-aminopurine inhibits P1/eIF-2a kinase in vitro, we expected that in the presence of 2-aminopurine, translation of cellular mRNAs POLIOVIRUS 2APro MUTANT AND PHOSPHORYLATED eIF-2a would not be as severely inhibited at late times after infection with 2A-2. Surprisingly, in the presence of 2-aminopurine, the pattern of protein synthesis in 2A-2-infected cells was similar to the pattern in wild-type-virus-infected cells (Fig. 7) . Furthermore, p220 was cleaved in 2A-2-infected cells in the presence but not in the absence of 2-aminopurine (Fig. 8) . These results show that 2-aminopurine rescues the viral function that induces p220 cleavage.
In the presence of 2-aminopurine, 2A-2 virus yields were still 10' PFU per cell lower than yields of wild-type virus (Fig. 2) . This difference may be related to our observation that, in the presence of 2-aminopurine, p220 cleavage occurs much later in mutant-virus-infected cells than in wild-typevirus-infected cells. Whereas wild-type virus induces complete cleavage by 3 h postinfection, there is still a small amount of uncleaved p220 in 2A-2-infected, 2-aminopurinetreated cells at 5 h postinfection (Fig. 8) .
Although 2-aminopurine rescued mutant 2A-2, it had no effect on the phosphorylation of eIF-2ot in mutant-or wild- infection, cytoplasmic extracts were prepared from HeLa cell monolayers and separated on a 12.5% SDS-polyacrylamide gel. After transfer to nitrocellulose, filters were probed with antiserum against p220. cl. pr., p220 cleavage products; 2-AP, 2-aminopurine; HR P.I., hour postinfection.
type-infected cells (Fig. 5) . Perhaps not enough 2-aminopurine enters the cell to inhibit phosphorylation of eIF-2a.
Thus the ability of this compound to rescue 2A-2 is not based on blocking eIF-2ot phosphorylation.
The intensity of individual polypeptides labeled with [35S]methionine in wild-type-virus-infected cells was increased in the presence of 2-aminopurine, indicating that translation was in some way potentiated (Fig. 7) . It is possible that 2-aminopurine partially inhibits phosphorylation of eIF-2ca or inhibits another modulator of protein synthesis, enabling a greater rate of protein synthesis at late times in infection. However, the higher levels of viral protein observed in the presence of 2-aminopurine did not result in increased yields of wild-type virus (Fig. 2) .
DISCUSSION
The mutant 2A-2 reported here, which contains a 2-amino-acid insertion in 2APro, displays a phenotype that includes small-plaque formation and reduced viral yield in HeLa cells, inability to cleave p220 and specifically inhibit host cell translation, and global inhibition of translation late in infection. During studies on the phenotype of 2A-2, we surprisingly found that eIF-2a is extensively phosphorylated in wild-type-poliovirus-infected cells. Viral dsRNA is produced in both wild-type-and mutant-infected cells; these molecules may activate the P1/eIF-2a kinase that is responsible for phosphorylation of eIF-2a. It was previously demonstrated that P1/eIF-2ot kinase is activated in poliovirusinfected cell extracts (28) . However, those authors also reported that eIF-2a is not phosphorylated in poliovirusinfected cells, and they concluded that poliovirus encodes a product able to inhibit phosphorylation of eIF-2ot (28). It is not clear why extensive phosphorylation of eIF-2a was not detected previously. The method for assaying eIF-2a phosphorylation used in our studies is significantly different from the method of Ransone and Dasgupta (28) . We examined phosphorylation of eIF-2ot by isoelectric focusing of wholecell extracts followed by immunoblotting, whereas Ransone and Dasgupta examined the amount of 32P-phosphorylated eIF-2a in ribosomal salt washes from infected and uninfected cells by two-dimensional gel electrophoresis (28) . It has been reported that the majority of eIF-2ot which pellets with ribosomes is not phosphorylated, whereas eIF-2a which remains in the soluble fraction is phosphorylated (39) . This may account for the previous failure to detect increased eIF-2ot phosphorylation in wild-type-poliovirus-infected cells.
eIF-2a is the second known initiation factor that is modified in poliovirus-infected cells. We suggest that restriction of translation to viral messages in poliovirus-infected cells requires both cleavage of p220 and phosphorylation of eIF-2a. In support of this hypothesis, it has been reported that infection of cells with poliovirus in the presence of inhibitors of poliovirus replication such as guanidine or 3-methylquercetin, under conditions in which p220 is completely cleaved, results in suppression of host protein synthesis by only 55 to 77%, suggesting that p220 cleavage is necessary but not sufficient for total suppression of host protein synthesis (3) . Furthermore, the kinetics of p220 cleavage and host shutoff do not coincide. In our studies, cleavage of p220 always preceded host translational inhibition (e.g., compare p220 cleavage 2 and 3 h postinfection with wild-type virus in Fig. 3 and 4 (26) . Adenovirus infection of a cell line which is unable to phosphorylate eIF-2a. results in incomplete inhibition of translation of host cell mRNAs (26) , suggesting a possible role for eIF-2 phosphorylation in limiting translation to adenovirus messages in the infected cell. We suggest a similar role for eIF-2a phosphorylation in the shutoff of host translation in wild-type-poliovirus-infected cells.
In wild-type-infected cells, as dsRNA accumulates and the extent of eIF-2a phosphorylation increases, wild-type viral translation is also inhibited, as seen at late times postinfection. For example, the amount of viral polypeptides synthesized declines at 5 to 7 h postinfection in wild-type-poliovirus-infected cells (Fig. 7) . This late decline in the synthesis of viral proteins is probably equivalent to the global inhibition of protein synthesis seen in 2A-2-infected cells. The correlation between dsRNA accumulation and the inhibition of viral protein synthesis was noted previously (5) . At the same time, it was concluded that dsRNA was not the cause of the early, specific inhibition of host cell protein synthesis, since poliovirus dsRNA inhibited translation of both cellular and viral mRNAs in vitro (5 Fig. 1) (1).
We suggest two models to explain how the kinase inhibitor 2-aminopurine rescues 2A-2. Mutant 2A-2 contains an inserted threonine which is a potential phosphorylation site (Fig. 1) . Phosphorylation of the mutant 2APro may lead to inhibition of its proteolytic activity, resulting in failure to cleave p220, reduced translation, and reduced virus yield. 2-Aminopurine might inhibit the cellular kinase that phosphorylates the mutant 2APrO, thereby rescuing 2APrO functions. Alternatively, failure of the mutant to induce p220 cleavage may be linked to phosphorylation of target polypeptides. For example, it has been suggested that 2APro activates a cell protein which then cleaves p220 (1, 22) . Perhaps this putative cell protein is phosphorylated normally and cannot be activated by the mutant 2APro. In the presence of 2-aminopurine, the putative cell protein is not phosphorylated and can be activated by mutant 2APro. Experiments to determine whether phosphorylation of 2APrO plays a role in the phenotype of 2A-2 are under way.
After this work was submitted for publication, it was reported that eIF-2a is phosphorylated in cells infected with wild-type poliovirus, corroborating the results presented here (2) .
